art, high mobility polymer semiconductors with carrier mobilities often exceeding 1 cm 2 V −1 s −1 overwhelmingly exhibit low FQYs. This has been a major limitation for the development of high brightness electroluminescent devices, such as an electrically injected laser diode and is due to a number of quenching mechanisms inherent to the current design principles of these systems. [ 3 ] The most fundamental of these mechanisms is the Energy Gap Law, which describes an increase in the rate of internal conversion as the optical bandgap of a chromophore decreases in energy. [ 10, 11 ] However, to achieve high charge carrier mobilities a low intrachain disorder is favorable, which results in a long exciton delocalization and therefore a low bandgap. [ 12, 13 ] Moreover, the donor-acceptor structure of these systems further reduces the optical bandgap and also results in a polar backbone which undergoes strong dipole-dipole interactions in the solid state, quenching fl uorescence. [ 14, 15 ] In addition to this, solid state chain interactions can lead to the formation of interchain charge-transfer states, which have lower oscillator strengths than their Frenkel counterparts and can therefore also lead to fl uorescence quenching. [ 5 ] In order to take advantage of the recent progress in high mobility polymers and to use these record-breaking high mobility materials in effi cient, high brightness light emitting devices, ways have to be found to increase their FQY without negatively impacting the charge transport.
DOI: 10.1002/adma.201600851
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In this paper, we demonstrate a method to decouple electrical performance and electroluminescence using effi cient resonance energy transfer (RET) from a high mobility polymer to a highly emissive near-infrared (NIR) squaraine dye oligomer. Choosing donor-acceptor combinations with energetics favorable to a fast energy transfer rate allows the use of low acceptor concentrations which does not signifi cantly impact charge carrier mobility. In doing so we were able to increase the external quantum effi ciency (EQE) by almost an order of magnitude without detrimentally impacting the current density and fi eld effect mobility. We thus realized high brightness NIR OLEDs with radiances up to 5 W m −2 str −1 at 800 nm which is a wavelength of interest for polymer optical fi bres and biomedical imaging. [ 16, 17 ] This brightness rivals cutting edge, high brightness solution processed inorganic NIR LEDs. [ 15, [18] [19] [20] [21] [22] [23] [24] [25] For example, recent research into solution processed perovskite devices has yielded the brightest and most effi cient solution processed NIR LEDs reported to date with radiances of 28 W m −2 str −1 at 760 nm using CH 3 NH 3 PbI 3-xClx as the emissive component. [ 22 ] This was achieved by careful control of the interfacial energetics using polyethylenimine as a surface modifi cation for a zinc oxide nanocrystal electron injection layer. Quantum dots, on the other hand, have achieved NIR Over the past decade the electrical performance of solution processed polymer semiconductors has increased immensely, in particular low bandgap donor-acceptor structures have realized hole and electron mobilities greater than that found in amorphous silicon. [ 1, 2 ] However, one of the major outstanding challenges is to develop material systems which simultaneously display balanced and high ambipolar charge carrier mobility whilst retaining a high fl uorescence quantum yield (FQY). [ 3 ] It is sometimes argued that the strong intermolecular interactions that are needed to achieve a high carrier mobility lead to ineffi cient fl uorescence due to formation of nonemissive intermolecular excited states. However, there is no rigorous, general scientifi c argument why high mobility and high FQY are mutually exclusive in organic materials. [ 4, 5 ] To date the best compromize between mobility and light emission has been found in a range of oligophenylenethiophene single crystals. [ 6, 7 ] This material class has presented FQYs of up to 0.8 as well as electron and hole mobilities on the order of 1 and 0.1
, respectively. [ 8 ] Very recently a small molecule 2,6-diphenylanthracene has been reported to possess hole mobilities of 34 cm 2 V −1 s −1 as well as a FQY of 0.41 and was integrated into both organic light emitting diodes (OLEDs) and fi eld effect transistors (FETs). [ 9 ] Notwithstanding, these systems suffer from the processing constraints of single crystal growth and are thus not applicable for large scale solution processing. On the other hand, state-of-the brightness up to 6 W m −2 str −1 but are currently limited by a number of quenching of mechanisms at high current densities such as Auger recombination. [ 19, 26 ] Recently quantum dotperovskite nanohybrids have been synthesized which combine the good electrical transport of organohalide perovskite crystalline solids with the effi cient near-infrared emission of quantum dots in a similar concept to the work demonstrated here. [ 27 ] The effi cient energy transfer in this system is mediated by the long exciton diffusion length apparent in perovskite fi lms, which can be 2 orders of magnitude larger than that generally found in polymeric semiconductors. [ 28, 29 ] This further illustrates the need for effi cient RET in the organic semiconducting system presented here to compensate for the relatively short exciton diffusion length.
RET is a long range dipole coupling process whereby a donor molecule can transfer its excitation to an energetically suitable acceptor molecule. [ 30 ] RET acts over distances in the range of 1-10 nm and its effi ciency is strongly correlated to the donoracceptor spacing, donor FQY and the spectral overlap between the donor fl uorescence spectrum and the acceptor absorption spectrum. [31] [32] [33] [34] The metric used to describe the coupling strength between two chromophores is known as the Förster radius ( 0 R ) and defi nes the donor-acceptor spacing at which energy transfer is equally likely as decay of the excited donor molecule. 0 R can be determined in a randomly orientated medium using the expression 0.197
where 0 R is in units of Å, n is the refractive index of the medium, D φ is the FQY of the donor molecule in the absence of the acceptor. [ 31 ] ( ) J λ is the spectral overlap between the fl uorescence of the donor and the absorption of the acceptor in units of m cm nm 
where r is the donor-acceptor spatial separation. Owing to the low FQY present in high mobility polymer systems it was established that high values of 0 R could be attainable only through maximizing the spectral overlap with the acceptor molecule.
Recently, our group demonstrated the exceptionally low intrachain disorder in the high mobility polymer poly(indacenodithiophene-alt -benzothiadiazole) (IDTBT, Figure 1 a) which is due to its backbone conformation being disorder tolerant. [ 12 ] In fact while it has been reported that fi lms of IDTBT annealed at 150 °C show weak long range order we fi nd that neat unannealed fi lms show no long range order in grazing incidence wide angle X-ray scattering despite possessing hole mobilities of around 1.5 cm 2 V −1 s −1 (Supporting Information). [ 35 ] We chose this polymer as a suitable transport medium because of its high mobility in transistor structures at room temperature, high solubility (<120 mg mL −1 1,2 dichlorobenzene) and the mentioned lack of long range structural order which was expected to facilitate incorporation of acceptor molecules without negatively effecting the charge transport. [ 35, 36 ] When solvated in 1,2 dichlorobenzene, the FQY of neat IDTBT is 0.18 with an exciton lifetime of 1.3 ns. However in the thin fi lm the FQY drops to 0.02 and the lifetime to around 90 ps which suggests strong nonradiative quenching in the solid state (Supporting Information) speculated to be the formation of nonemissive interchain excited states. [ 5 ] In thin fi lms IDTBT exhibits a NIR fl uorescence peak at 718 nm as shown in Figure 1 b and has a highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) of −5.3 eV and −3.6 eV, respectively, as reported previously. [ 37 ] This demonstrates the long exciton delocalization and/or stronger donor substitution for IDTBT in comparison to structurally similar polymers such as poly(9,9-dioctylfl uorene-altbenzothiadiazole) (F8BT) which displays a peak fl uorescence of 540 nm, a FQY of 0.6 but a mobility which is lower by a factor of 100. [ 38 ] Owing to the relatively low bandgap of IDTBT the choice of a suitable acceptor molecule for effi cient RET was challenging because until recently there was little evidence of organic systems which displayed effi cient emission in the NIR. ethylindotricarbocyanine iodide with an emission maximum of 730 nm exhibits a FQY of up to 0.3 in very dilute solution, and drops signifi cantly in higher concentrations due to molecular aggregation (Supporting Information). [ 39 ] On the other hand, the use of quantum dots as an emissive component is an interesting approach and has been successfully demonstrated in a number of systems. [ 19, 20, 40 ] However, the volume ratios required are up to 50% due to the signifi cantly larger diameter of a quantum dot in comparison to an organic dye molecule. This is expected to impinge upon charge transport and therefore is not ideally suited for the purposes of this study.
Recently, low bandgap squaraine dyes with high FQYs have been reported and have been successfully demonstrated in light emitting organic devices. [ 33, 41, 42 ] Moreover, due to their remarkable molar absorption coeffi cients (>10 5 
) they have been used to realize highly effi cient RET in systems where the donor is weakly emissive. [ 34, 43 ] Therefore, this material class offers the possibility to use ultralow concentrations of acceptor materials as the emissive component.
Ter Using Equation ( 1) with an IDTBT FQY of 0.02 and an average refractive index of 2, determined by spectroscopic ellipsometry (Supporting Information), the Förster radius was calculated to be 4.5 nm. This is a large Förster radii for a solid state organic system despite the very low FQY of neat IDTBT thin fi lms. [32] [33] [34] As there is little solvatochromic spectral shift in SQ3 (Supporting Information) we believe that it is reasonable to assume a similar absorption spectrum when solvated in DCB and IDTBT. The HOMO and LUMO of SQ3 were determined by cyclic voltammetry and found to be −5.32 and −3.70 eV, respectively (Supporting Information).
In order to study the photophysics of the system we prepared spin coated fi lms of IDTBT blended with small concentrations of SQ3. The fi lms were not annealed as heating was found to dramatically decrease the energy transfer effi ciency, most probably due to loss of molecular mixing in the blend fi lm. Figure 2 a shows the photoluminescence spectra of SQ3/IDTBT blend fi lms with mass ratios of 0.025, 0.075, 0.3 wt. % as well as the neat fi lm. It can be seen that the 795 nm SQ3 emission peak increases with increased dye loading. The absorption spectra (Figure 2 a inset) , on the other hand, show no change even at a dye loading of 0.3 wt. %. This observed increase in fl uorescence from the SQ3 component without change in the absorption spectrum indicates a strong energy transfer process occurring in the fi lm. To confi rm that this was in fact an energy transfer process and not direct excitation of the SQ3, photoluminescence excitation measurements were performed on neat IDTBT, solvated SQ3 as well as the 0.3 wt. % SQ3 blend, shown in Figure 2 b. It can be seen that the 795 nm fl uorescence component in the blend fi lm follows the excitation of the IDTBT component rather than the solvated SQ3. This confi rms that it is in fact the IDTBT component, which absorbs the incident photon and subsequently steps its excitation to the SQ3. To further investigate the energy transfer process, time resolved fl uorescence measurements were carried out on neat IDTBT as well as SQ3 doped fi lms. The fl uorescence decay of the 740 nm IDTBT component as a function of time after excitation is plotted in Figure 2 c. It can be seen that the exciton lifetime shortens as the SQ3 concentration is increased, consistent with a deactivating energy transfer process. The fl uorescence decays can be fi tted with monoexponential models from which the exciton lifetimes can be extracted. The exciton lifetime of the neat IDTBT fi lm was found to be 90 ps, which decreased to 25 ps in the fi lm loaded with 1 wt. % SQ3, as illustrated in the inset. The energy transfer effi ciency was calculated using the drop in peak IDTBT fl uorescence intensity and the equation
where γ is the energy transfer effi ciency, DA I is the IDTBT fl uorescence intensity in the presence of SQ3, and D I is the fl uorescence intensity of neat IDTBT. [ 33 ] This was further confi rmed using the time resolved fl uorescence study and the equation
where DA τ and D τ are the respective lifetimes of the blend and neat fi lms, respectively. Figure 2 d shows the energy transfer effi ciency as a function of SQ3 concentration. It can be seen that even at low concentrations the process is effi cient, reaching a value of 0.5 at a SQ3 loading of 0.3 wt. %. This is the fi rst demonstration of highly effi cient energy transfer from a high mobility polymer to an acceptor compound.
In order to determine whether this energy transfer process resulted in a fl uorescence enhancement, FQY measurements were carried out. Figure 2 e shows the FQY and relative integrated photoluminescence intensity of the blend fi lms as a function of SQ3 concentration. It can be seen that the FQY reaches a peak of 0.077 which is a threefold enhancement with respect to the neat IDTBT and is among the highest FQYs reported for solid state organic systems which emit in the NIR and similar to that of the recently reported dot-in-perovskite solids. [ 17, 37 ] The FQY and fl uorescence enhancement then plateaus and drops off as the concentration is further increased. Assuming that the FQY of SQ3 in dilute solution is constant as a function of SQ3 concentration, the total theoretical FQY should be 0.29 at a loading of 0.3 wt. %, using the equation (1 ) blend ISQ IDTBT φ φ γ φ γ = + − where blend φ , ISQ φ , IDTBT φ are the FQYs of the overall blend fi lm, solvated SQ3, and IDTBT, respectively. This is a factor of 4 higher than the value measured for the blend fi lm. SQ3 in the solid state however, drop casted from a 1 mg mL −1 solution in DCB, was found to have signifi cantly reduced fl uorescence below the sensitivity of our measurement techniques. Therefore, aggregation between SQ3 molecules is a likely rational for the limitation in fl uorescence in the blend fi lm. This is further evidenced by a red shift in the SQ3 fl uorescence spectrum. In order to study further the dynamics of the energy transfer process time resolved fl uorescence was utilized to decouple the IDTBT and SQ3 populations. Time resolved fl uorescence was carried out measuring at 740 and 800 nm corresponding to the IDTBT as well as the IDTBT + SQ3 convolved signal respectively. The photophysics of IDTBT-SQ3 blend fi lms. a) The photoluminescence spectra of neat IDTBT as well as fi lms blended with low concentrations of SQ3. It can be seen that the intensity of the 720 nm IDTBT component drops as the SQ3 concentration is increased. This is complemented by a strong increase in the SQ3 component which has a higher FQY than IDTBT. The inset shows the absorption spectrum of neat IDTBT as well as that of a fi lm doped with 0.3 wt. % SQ3, illustrating that adding SQ3 in such low concentrations has no effect on the absorption of the blend system. b) Photoluminescence excitation spectra of a neat IDTBT fi lm, solvated SQ3 as well as the IDTBT and SQ3 components in a 0.3 wt. % blend fi lm. The fl uorescence of the 795 nm SQ3 component in the blend fi lm follows that of the neat IDTBT fi lm at 720 nm which demonstrates that excitation of the SQ3 is through an energy transfer process rather than direct. c) The fl uorescence decay of the 700 nm component of neat IDTBT and IDTBT blended with SQ3 fi tted with monoexponential decays of which the decay constant is plotted in the inset. d) The exciton transfer effi ciency from IDTBT to SQ3 as a function of SQ3 concentration. The transfer process is very effi cient even at low SQ3 concentrations as for example an effi ciency of 0.5 is achieved at a loading of 0.3 wt. %. e) The measured FQY and relative photoluminescence intensity of the IDTBT-SQ3 blend fi lms. The FQY and relative fl uorescence enhancement peaks at a dye loading of 0.3 wt. % after which it decreases due to the molecular aggregation.
the IDTBT population peaks directly after the excitation and decays monotonically, the SQ3 population maximum is delayed by approximately 100 ps consistent with an energy transfer process. The SQ3 population data was fi tted with a model describing a rise and fall component of the form
where ( ) P t is the population as a function of time t, A is a constant, and 1 τ is the energy transfer time constant from the IDTBT to the SQ3 and 2 τ is the natural decay rate of the SQ3. From the extracted rise time values in Figure 3 d it can be seen that the energy transfer process is fast, occurring on the 50 ps timescale as required for systems with very short exciton lifetimes such as IDTBT.
We incorporated the blend fi lms into organic light emitting diodes to provide a proof of principle without undertaking device optimisation. Six different ratios of IDTBT and SQ3 were chosen, ranging from 0.025 wt. % to 0.3 wt. %. The JV characteristics as well as the peak external quantum effi ciency are shown in Figure 4 a. It can be seen that there is a consistent turn on voltage of 2V and no signifi cant change in current density for the range of concentrations. The EQE peaks at around 7V for all devices and increases from a value of 0.025 % to 0.2 % for 0.3 wt. % SQ3. Figure 4b shows the electroluminescence spectra for the devices and indicates that the emission is dominated by SQ3 even at very low loadings of 0.025 wt. %. Figure 4 c shows the radiance as a function of voltage for a range of SQ3 concentrations. The inset shows that the peak radiance increases from a value of 0.9 to 4.7 W str −1 m −2 in the highest dye loading concentration. This radiance is comparable to state of the art solution processed inorganic systems. [ 18, 19 ] Figure 4 d combines the EQE, radiance and current densities at two different voltages for all devices. Here we see an increase by a factor of 8 and 5 for the EQE and radiance, respectively. This is facilitated by the lack of a substantial drop in the current densities, which have respective relative values of 0.89 and 0.74 for bias of 4 and 7 V, respectively, compared to the neat devices. It can be seen that the brightness of the neat IDTBT devices is also relatively large at 0.9 W str −1 m −2 despite its low FQY. This is explained by the OLED experiencing minimal effi ciency roll off at high current densities with a J 90% value of 520 mA cm −2 (Figure 4 e). This value is very high in comparison to other organic systems and is most likely due to the short exciton lifetime of IDTBT which reduces the effects of charge or exciton annihilation. The value of J 90% decreases to 360 mA cm −2 for the 0.3 wt. % SQ3 loading, and although still high may be due to the longer lifetime of the SQ3 component. Although no explicit device lifetime tests were carried out in this work, there was no noticeable spectral degradation of the neat or SQ3 doped devices over a period of approximately 10 minutes continuous operation.
To explore the charge transport further, fi eld effect transistors were fabricated and hole mobilities extracted for 3 dye loadings (Supporting Information) and are shown in Figure 4 f. It was found that the hole mobilities did not change outside of the device to device variation and had consistently values of around 1.7 cm 2 V −1 s −1 which is consistent with values reported previously in this group. [ 12 ] Interestingly the mobilities achieved here were high despite the lack of any above room temperature annealing step or long range structural order (Supporting Information). This solidifi es the argument that long-range order is not necessary for effi cient charge transport. [ 44 ] Finally, this gives further evidence that the charge transport is not negatively affected by introducing SQ3 into the thin fi lm.
In conclusion, we have demonstrated the decoupling of electrical performance from electroluminescence in a high mobility polymer semiconductor using effi cient RET to a highly fl uorescent squaraine dye. This is accomplished by choosing an acceptor molecule with a suitably large spectral overlap with the polymer, which overcomes the low FQY inherent in low bandgap polymers, even in very low concentrations. The resulting bright NIR OLEDs which we give as proof of principle compete with state of the art inorganic devices such as recent perovskite and quantum dot NIR OLEDs. We believe this approach can overcome the current limitations present in all organic systems where a trade-off between charge transport and electroluminescence limits ultrahigh brightness devices. Lastly, there have been a number of reports from the past decade whereby optically pumped lasing has been successfully substituted with RET and has been demonstrated to lower the lasing threshold by orders of magnitude. [45] [46] [47] [48] Therefore this approach may be a promising technique to realize an electrically induced population inversion in an organic system.
Experimental Section
Solutions were prepared by dissolving poly(indacenodithiophene-cobenzothiadiazole) (IDTBT provided by Flexink) at 30 mg mL −1 in a 75/25 blend of o-dichlorobenzene/chloroform as well as SQ3 at 1 mg mL
in o-dichlorobenzene. Stock solutions of SQ3 were then prepared by further dissolution in o-dichlorobenzene and these were blended with the IDTBT solution to yield the desired mass ratio. All preparations were carried out in a nitrogen fi lled glovebox and the solutions were heated at 70 °C on a hotplate for 30 min prior to spinning. Substrates were cleaned by ultrasonication in deionized water, acetone and isopropanol followed by 10 min oxygen plasma treatment. Spin coating was carried out in three stage procedures of 500 rpm for 3 s, 1400 rpm for 120 s, and 5000 rpm for 2 s. This yielded optically thick fi lms of approximately 400 nm.
OLEDs were fabricated by spin coating PEDOT:PSS at 5000 rpm for 30 s on top of an ITO covered substrate and annealing under nitrogen for 10 min at 140°. IDTBT and blend fi lms were spin coated on top using the previous method for spectroscopic characterisation. Calcium was thermally evaporated at a rate of 0.2 Å s −1 to a thickness of 20 nm and silver was thermally evaporated at a rate of 0.5 Å s −1 to a thickness of 100 nm at a pressure of 1 × 10 −6 mbar. Absorption spectroscopy was carried out using a John Woollam M2000 spectroscopic ellipsometer set in transmission mode. Photoluminescence and photoluminescence excitation measurements were performed using an Edinburgh Instruments FLS980 fl uorimeter excited with a xenon lamp. Fluorescence lifetime measurements were carried out using time correlated single photon counting in an Edinburgh Instruments LifeSpec -ps where samples were excited with a PicoQuant LDH-P-C 400B 407 nm 10 mW pulsed laser. Alternatively, this was carried out using time correlated single photon counting excited with a femtosecond source. FQY on the blend fi lms was performed using a Thorlabs CPS532 532 nm 4.5 mW continuous wave diode laser. The measurements were carried out under constant nitrogen fl ow inside of a Labsphere integrating sphere coupled into a spectrometer followed by an Andor iDus DU490A InGaAs detector. PLQE on solutions was measured in an Edinburgh Instruments FLS980 with an integrating sphere. The samples were tested in air without encapsulation and JV characteristics were measured using a Keithley 2400 source measure unit. Over a timescale of 24 h there was no observed degradation of the air exposed devices. A calibrated silicon photodiode at a distance of 60 mm from the emission zone was used to determine the photon emission and external quantum effi ciency assuming a Lambertian emission profi le. EQE and radiance were calculated taking the responsivity of the silicon detector and the photon energy of the OLED emission into account. Electroluminescence spectra were measured using a Labsphere CDS-610 spectrometer and from this combined with photon fl ux the radiance was calculated.
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